The Center for NDE, Iowa State University, has developed an ultrasonic pulse compression system using Golay codes, and demonstrated the enhanced signal-to-noise ratios (SNR) in highly energy absorbent materials such as rubber, plastics, corks, and some composites. Recently, an attempt has been made to theoretically predict ultrasonic pulse compression (correlated) flaw signals (e.g., voids) using the ultrasonic measurement model developed earlier at the same university. Predictions were made by the use of long coded waveforms (Golay codes) as inputs to the measurement model instead of the spike pulse in conventional ultrasonics. The results were then compared with experimentally measured conventional ultrasonic flaw signals. The results indicated that the ultrasonic pulse compression flaw signals can be predicted as accurate as conventional ultrasonic signals. In addition, the equivalent pulse of the Golay codes (delta-like pulse) was also used as an input to the measurement model to predict the same flaw signal, and it was demonstrated that the Golay codes and the equivalent pulse produce effectively the same results although the signal processing methods are significantly different.
INTRODUCTION
The Center for NDE, Iowa State University, has developed an ultrasonic pulse compression system using Golay codes, and demonstrated the enhanced signal-to-noise ratios (SNR) in highly energy absorbent materials such as rubber, plastics, corks, and some composites. Recently, an attempt has been made to theoretically predict ultrasonic pulse compression (correlated) flaw signals (e.g., voids) using the ultrasonic measurement model developed earlier at the same university. Predictions were made by the use of long coded waveforms (Golay codes) as inputs to the measurement model instead of the spike pulse in conventional ultrasonics. The results were then compared with experimentally measured conventional ultrasonic flaw signals. The results indicated that the ultrasonic pulse compression flaw signals can be predicted as accurate as conventional ultrasonic signals. In addition, the equivalent pulse of the Golay codes (delta-like pulse) was also used as an input to the measurement model to predict the same flaw signal, and it was demonstrated that the Golay codes and the equivalent pulse produce effectively the same results although the signal processing methods are significantly different.
GOLAY CODE PULSE COMPRESSION TECHNIQUE Background
Ultrasonic pulse compression technique is used to resolve the average transmit power limitation of conventional ultrasonic pulse/echo systems. These systems are peak power limited due to electrical breakdown of the transducer. In peak power limited ultrasonic systems, the average transmit power can not be increased without sacrificing either detection range or resolution. However, this limitation is not present in pulse compression systems using large time-bandwidth transmitted signals, because the length of the transmitted signal is independent of the length of the output signal W. Pulse compression systems transmit random or pseudo-random codes such as Barker codes, maximal-length sequences, and linear FM chirp, instead of the spike pulse in conventional ultrasonics. And the system configurations could vary depending upon the type of waveform code and its generation and processing methodology. Pulse compression systems use various random or pseudo-random codes. However, there is a problem associated with such random and pseudo-random codes which produce an error, called self noise or range sidelobes, when finite integration times are used to approximate the signal correlation computation. The presence of this self noise causes interference in situations such as when a large reflector is located close to a desired target and when a desired target is surrounded by a large number of small reflectors such as grains in NDE, or clutter in RADAR and SONAR. To reduce the self noise to a tolarable level, a set of specially formulated complementary binary codes, called the Golay codes, is applied. The Golay codes reduce the range sidelobes to zero in only two transmit periods.
The Golay Codes
Golay code is a set of complementary series of the same length, each has its own auto-correlation having one main response, but the relative polarities are opposite except the main peak ( Figure 1 ). So, if these two correlation results are added, the main response doubles and all others cancel. These characteristics of the Golay codes allow us to obtain a correlated signal without the range sidelobe that is normally produced in other random or pseudo-random codesl1l .
Equivalent Input Pulse of the Golay Codes
The Golay codes can be further characterized by an equivalent input pulse. The equivalent input pulse of the Golay Codes (a delta-like pulse) produces an identical effect on the correlated signal as a set of Golay codes @J. This equivalency was briefly discussed without the detailed mathematical derivation.
In general, the received signal can be predicted by the convolution of the characteristic functions of the system components such as pulser/receiver, transducers, specimens, and flaws. In conventional ultrasonics, the received signal, h(t), can be expressed as
where, gt(t) is the input spike pulse, S(t), fm(t), f(t), are the transfer functions of transducer( s), specimen, and flaw respectively. Here, the * is used to denote convolu tion.
Similarly, the received signal in pulse compression, ha(t), can be obtained as
where, 90(t) is the counterpart input pulse in pulse compression compared with the spike pulse, 9t(t), in conventional ultrasonics. However, considering the facts that (1) in pulse compression, the system transmits a set of Golay codes A and B and receives returning signals in a sequential mode, and (2) by the definition, the pulse compressed signal is the sum of the two pair-wise correlated signals between the transmitted and received signals of Golay code A and B, we find that the 90(t) is equivalent to 9A(t) * 9A(t) + 9B(t) * 9B(t), which is the sum of two autocorrelation functions of Golay codes A and B. Here, the * is used to denote correlation. This function (9o(t)) is a delta-like pulse and produces an identical effect on the correlated signal as the two separate Golay codes A and B. Comparing this equivalent pulse with the spike pulse in conventional ultrasonics, the frequency spectrum of the delta-like pulse appears slightly narrower than that of the spike pulse, hence a broader rf-waveform is produced.
Golay Code Pulse Compression Procedure
The pulse compression procedure on the current laboratory prototype system is as follows: The computer (486/66MHz) generates a desired binary code pattern of Golay codes and send it to arbitrary function generator (AFG LeCroy 9101). Here, the Golay codes which are normally in binary form (1 or 0) were changed to a bipolar form (+ 1 or -1) to remove the dc offset and make the transmit signal compatible with the bandpass characteristics of the ultrasonic transducer. The AFG then converts this binary code pattern into a coded-waveform of a series of rectangular pulses. The coded-waveform is then amplified by the high-voltage pulser amplifier (in-house built) before it is sent to the transducer. The output coded-waveform from the AFG is also sent to the computer to be used as a reference signal. The received signal is again amplified by the broadband receiver amplifier (Panametrics) and sent to the digital oscilloscope (LeCroy 9310L) for waveform acquisition. The computer computes the cross-correlation between the reference and the received signals of the Golay codes. By repeating this process sequentially for both Golay codes A and B, two correlated output signals are produced. The compressed output signal is the sum of these two correlated outputs.
ULTRASONIC INSPECTION MODEL
The correlated signals were predicted using an existing ultrasonic measurement model which was developed earlier by the Center for NDE, Iowa State University [1] . This model incorporates the physical principles of the ultrasonic measurment including descriptions of the waves radiated by the probes, their modification by the geometry of the test specimen, and the wave propagation and scattering from defects. Specifically, this measurement model was developed based on the electromechanical reciprocity relationship of Auld [Q] . Briefly stated, this relationship implies that the flaw signal can be extracted from the difference in the displacement and stress fields with and without the presence of flaw.
The electromechanical reciprocity relationship, however, belies its intractability except in a very few special cases of limited practical use. Therefore, a number of approximations and simplifications are necessary in deriving an accurate yet computationally efficient measurement model. One situation for which a useful and accurate model can be extracted from the above relationship through remarkable simplifications is the pulse/echo inspection of isotropic, homogeneous elastic materials containing small flaws of fairly simple shape. This ultrasonic fields can be approximated locally as plane waves whose displacement and stress fields are the same as those of the true fields. Scattered fields can also be simply modeled, provided their variation is not significant over the face of the receiveing transducer. Applying these approximations to the reciprocity relationship, and after some manipulation of the resulting integral and neglecting higher-order terms, a measurement model is derived that represents the measured signal as a product of factors describing the effects of transducer efficiency, transmission through interfaces, attenuation and beam spread, and scattering. Specifically, one finds a frequency domain equation: (3) where f3 is the system efficiency factor, TOla and TOlb are interface transmission coefficients, Ca and Cb are diffraction/ focusing terms (beam model), Pa and Pb are propagation terms (phase and attenuation), and A is scattering amplitude of flaw. Thus, time domain waveforms can be obtained by an inverse Fourier transform of this measurement model spectrum.
In such simulation, it is essential to represent (1) the ultrasonic fields in the vicinity of the flaw, and (2) the interaction of the probing ultrasonic fields with defects. For that end, the measurement model implements the Gaussian-Hermite model and the elastodynamic Kirchhoff approximation. Although other beam models and approximation methods could also be applied, further discussion is beyond the scope of this paper.
COMPUTATION OF SYSTEM EFFICIENCY FACTOR
The ultrasonic measurement model consists of two step computations: the system efficiency factor extraction and the flaw signal prediction. The system efficiency factor is extracted by the use of a reference signal such as front surface and backwall echoes. The characteristic functions of the media and flaw are computed based on the various beam propagation and scattering models as discussed earlier. The output flaw signal is then computed by the convolution of the system efficiency factor and the characteristic functions of the media and flaw. Therefore, to implement the existing measurement model for our need, the system efficiency factor, which is influenced by the input pulse, should be computed first using the Golay codes as inputs to the measurement model. Figure 2 illustrates the system hardware protocol which was considered for computing the system efficiency factor of the pulse compression system. In this figure, both conventional ultrasonics (right half) and the pulse compression (left half) data acquisition schemes (pulse/echo mode) were shown. The computer, oscilloscope, receiver, and the immersion tank containing a specimen are common for both techniques. Only difference in the two data acquisition schemes would be the pulser types used. Therefore, the efficiency factor of the pulse compression system using Golay codes is obtained as follows ( Figure 3 (a»: (1) using a conventional ultrasonic reference signal (backwall echo) as an input to the measurement model, compute the system efficiency factor, (2) deconvolve this efficiency factor of conventional ultrasonic system by its input pulse (spike pulse), and (3) convolve this result with each of the Golay codes. When the equivalent pulse of the Golay codes is used, the following procedure applies (Figure 3 the system efficiency factor, (2) deconvolve this efficiency factor with the spike input pulse of conventional ultrasonic system, and (3) convolve this result with the equivalent input pulse (delta·like pulse).
PREDICTION OF CORRELATED FLAW SIGNALS
Two different approaches were taken in order to predict correlated flaw signal: using the Golay codes, and using the equivalent input pulse of the Golay codes (delta·like pulse). Although these two methods produce the same results, the computation procedures are sufficiently different, hence, discussed separately. All predicted signals shown here were amplitude normalized.
Prediction of Correlated Signal Using Golay Codes
A correlated flaw signal has been predicted for a O.05cm diameter void located at 1.41cm within the I" thick Fused Quartz block. The following steps were taken for the prediction (see also Figure 3 .
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Predicted Correlated
Signal wI Noise (a) Using Golay Codes. efficiency factors along with other system setup parameters such as material properties, transducer angles, and water-path, as inputs to the measurement model, two received signals were predicted by the measurement model, (3) the predicted received signals were then cross-correlated in pair with the reference Golay codes, and (4) the pulse compression signal was obtained by adding the two cross-correlated outputs. The predicted correlated void signal was shown in Figure 4 and compared with experimentally measured conventional ultrasonic signal. Good agreements in these two signals were shown. 
Prediction of Correlated Signal Using Equivalent Pulse
Procedures for correlated signal prediction using the equivalent pulse were shown earlier in Figure 3(b) . Once the system efficiency factor is obtained, the output correlated signal can be directly obtained from the measurement model without the need for further signal processing, just as for the spike input pulse in conventional ultrasonics. The predicted correlated void signal was shown in Figure 5 and compared with experimentally measured conventional ultrasonic signal. Good agreement in the two signals were shown. In addition, the predicted correlated signals using Golay codes and the equivalent pulse were also compared with each other in order to demonstrate that those two different inputs produced identical results (Figure 6) . Furthermore, the procedures have been considerably simplified in this case.
SUMMARY
The correlated flaw signals were theoretically predicted using the ultrasonic measurement model developed earlier at Iowa State University. Predictions were made by the use of long coded waveforms (Golay codes) as inputs to the ultrasonic measurement model instead of the spike pulse in conventional ultrasonics. The results were then compared with experimentally measured conventional ultrasonic flaw signals. The overall results indicated that the correlated flaw signals can be predicted as accurate as conventional ultrasonic signals.
